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ABSTRACT 


Thermal structure of a rectangular area, approximately 220 kilo- 
meters on a side and contiguous to the Continental Shelf northeast 
of Cape Hatteras was investigated by aircraft between 9 October 
1968 and 16 May 1969 with the object of formulating an analysis 
and prediction model. Major features in the area included warm 
water northwest of the Gulf Stream, entrainment of Shelf Water 
into the Gulf Stream system, lateral displacement of the. northern 
edge of the Gulf Stream, and a thermal gradient adjacent to the 
Continental Slope during winter. A simplified model of thermal 
structure describes interaction of observed water masses. 
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FOREWORD 


Description of oceanic thermal structure features, 50 to 100 kilo- 
meters in size, is a necessary initial step toward the development of 


detailed oceanographic analysis and prediction techniques suitable for 
Frequent oceanographic observations from aircraft 


Fleet utilization. 
supplemented by less-frequent observations from survey ships are used to 
Observed 


delineate spatial and temporal variation of mesoscale features. 
mesoscale conditions can be related to the large-scale circulation 
pattern in order to determine suitable thermal structure prediction 


techniques. 
This report illustrates the variability of the ocean northeast of 


Cape Hatteras, presents an operational analysis model for this area, 
and demonstrates the importance of using rapid remote sensing devices 


GIS 


F. L. SLATTERY 
Captain, U.S. Navy 


Commander 


to describe thermal structure. 
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INTRODUCTION 


Investigation of oceanographic phenomena in relatively shallow 
water contiguous to the Continental Shelf seaward of the Virginia 
Capes has frequently shown complex thermal structure inshore of the 
northern edge of the Gulf Stream. Eddies observed by Ichiye (1966, 
1967) in August 1965 and June/July 1966 had major axes of 100 and 20 
kilometers, respectively. Fisher (1969) reported a warm-water in- 
trusion approximately 200 kilometers long in the area during September/ 
October 1967. This feature appeared to extend northward from the Gulf 
Stream in the shape of an inverted "J". Thermohaline characteristics 
of the warm water strongly indicate Gulf Stream origin. A thermal 
gradient coincident with the Continental Slope between Cape Cod and 
Cape Hatteras (Church, 1937; Strack, 1953; and Cresswell, 1967) ef- 
fectively separates Shelf Water from Slope Water. However, the a- 
forementioned investigators disagree as to the period of maximum gradi- 
ent; Church refers to it as a permanent feature, Strack as a permanent 
feature with strongest gradient during summer, and Cresswell as a 
seasonal feature limited to winter months. The presence of these 
features and the Gulf Stream results in rapid spatial and temporal 
change in thermal structure in the survey area. 


A reasonably synoptic study of all phases of the life cycle 
(formation, maturation, and dissipation) of the above features re- 
quires a rapidly moving survey platform. Thus, an aircraft suitably 
equipped for oceanographic survey work was used to observe the area 
seaward of the Virginia Capes throughout a l-year period, supported, 
when possible, by research vessels. This report presents the results 
of flight operations conducted between 9 October 1968 and 16 May 1969 
and a simplified model of oceanic circulation in the area based on 
phenomena thus observed. 


DATA COLLECTION 


Oceanographic phenomena described in this paper are defined 
primarily by sea surface temperature (SST) as measured by an airborne 
radiation thermometer (ART). Measurements were made at an altitude 
of approximately 300 meters and have been corrected for environmental 
effects in accordance with Pickett (1966). The data were averaged 
over 11-minute periods and rounded to the nearest whole degree Celsius 
prior to plotting. 


Subsurface features were examined from the aircraft with airborne 
expendable bathythermograph (AXBT) probes. Recent evaluation of this 
instrument (Bratnick, 1969) indicates a mean difference between the 


AXBT probe and reversing bottles of 0.06°C with a standard deviation 
OrsO SiG 


Navigation was conducted by Loran-A throughout the survey. Radar 
tracking by NASA, Wallops Island, determined navigational accuracy to 
be within 3.5 km 95 percent of the time based on experiments conducted 
seaward of Wallops Island (Athey, 1969). 


Each flight was designed for optimum delineation of surface 
features in the surveyed area. Plans were modified during the series 
of flights as experience was gained. The flight plan yielding optimum 
results contained multiple legs normal to the Gulf Stream axis. 

Twelve flights were conducted during the 9-month survey with at least 
one flight conducted every month except March. 


DATA ANALYSIS 


Data analysis revealed four recurring oceanic processes affecting 
thermal structure in the Virginia Capes area: (1) lateral displacement 
of the northern edge of the Gulf Stream, (2) intrusion of cold water 
from the northwestern quadrant of the survey area to a position ad- 
jacent to the northern edge, (3) location of a frontal zone contiguous 
with the Continental Slope during winter, and (4) formation of two 
warm areas inshore of the northern edge, one a recurring eddy having a 
lifetime measured in days, the second a semipermanent eddy having a 
lifetime measured in months. Six flights have been chosen to illus- 
trate these processes under varying weather and seasonal conditions. 
Additional data showing similar but less-defined features are given 
in the appendix. 


The first flight chosen for discussion was made on 15 November 
1968 (figure 1), three days after a violent storm moved through the 
area. Winds to 90 knots (45 m/sec) were recorded at Wallops Island, 
Virginia, during the peak of the storm. On the day of the flight, 
however, the weather conditions had moderated with westerly winds of 
8 to 12 knots (4.1 to 6.2 m/sec) and 1-meter seas. 


Major features observed during the flight are (1) a meanderlike 
bend of the Gulf Stream in the northeastern quadrant of the survey 
area, (2) an area of warm water (SST>21°C) adjacent to the Continental 
Shelf in the southwestern quadrant, and (3) a cold intrusion (SST<13°C) 
separating the two warm areas. Judging from surface temperature (>23°C) 
and strength of the gradient, the warm area in the northeastern quadrant 
appears to be a mesoscale Gulf Stream meander, but the thickness of the 
feature as measured by BT A (figure 1) suggests that it is only a 
shallow displacement of the northern edge. The warm area to the 
southwest is somewhat thicker (40 meters shown by BT B), but does not 
have the strong surface gradient associated with meanders. SST (<22°C) 
in the warm area is also slightly less than the SST of the Gulf Stream. 
The cold intrusion separating the two warm areas appears to be entrained 
in the Gulf Stream. BT C, taken a few kilometers east of the cold 
water, is representative of Slope Water during late autumn by virtue 


of low SST (15.5°C) and sonic layer depth (SLD) greater than that of 
the adjacent warm water. 


The flight of 28 January 1969 (figure 2) again shows a cold 
tongue (SST<13°C) intruding from the west along the edge of the Gulf 
Stream. A cold pocket (SST<13°C) is located seaward of the Continental 
Shelf. Downstream from the cold tongue, the Gulf Stream boundary be- 
came quite diffuse with a poorly defined tongue of warm water (SST>17°C) 
inshore of the stream. A thermal front (SST: 7° to 13°C) is located 
adjacent to the edge of the Continental Shelf in the western half of 
the survey area. This front was in evidence in less-developed form 
during flights on 17 and 20 December 1968 and 29 January 1969 (figures 
15 through 17, appendix). BT D is typical of thermal structure im- 
mediately south of the northern edge, with Gulf Stream water (SST>22°C) 
_in the near-surface layer underlain by a temperature inversion between 
n> 100 and 140 meters. BT's E, F, and G represent warm water inshore of 
“the Gulf Stream, Slope Water within the cold pocket, and warm water 
overlying Slope Water near the Continental Shelf, respectively. 


The most unusual feature of the 9 April survey (figure 3) is the 
southerly location of the Gulf Stream, particularly east of 74°W. 
Other features of interest are a large cold tongue (SST<11°C) intruding 
into the survey area from the west and the presence of warm water (>19°C) 
in the northeastern quadrant of the area. A strong temperature gradi- 
ent is evident between the warm water and the cooler water to the west 
(6°C in less than 30 km). BT's H and I, dropped on opposite sides of 
the gradient, show the strong seasonal thermocline and shallow SLD in 
the warm water compared to the nearly positive gradient and relatively 
deep SLD in the cold water. The next two BT's (J and K) illustrate 
boundary and Gulf Stream water, respectively. 


Major features observed during the 30 April flight (figure 4) were 
generally similar to those observed during the 9 April flight except 
for northerly displacement of the northern edge. Inclement weather 
prevented expansion of the flight pattern to determine if the warm areas 
were separated from the northern edge by a cold intrusion. Bilseelermen ts 
and N represent thermal structure in the northern edge, in the warm 
area, and in the cold tongue, respectively. 


The final two flights of the survey were flown within a 4-day 
period in May, thus providing an excellent picture of short-term vari- 
ation within the study area. Analysis of the flight of 12 May (figure 
5) shows warm water (SST>22°C) inshore of the Gulf Stream west of 74°W. 
The warm area was approximately 40 meters thick (BT P). Of particular 
interest is a cold intrusion (SST<13°C) extending from the northwestern 
quadrant of the survey area to a position adjacent to the northern edge 
at 74°W and remaining in contact with the northern edge throughout the 
remainder of the study area. BT Q, dropped within this narrow band of 
cold water, shows this feature and underlying temperature inversions to 


be about 130 meters thick. A third probe, BT R, was dropped well with- 
in the warm core of the Gulf Stream. 


Four days later, on 16 May (figure 6), the area was resurveyed. 
Major features present on 12 May, though somewhat deformed, were easi- 
ly identifiable. However, general northeastern displacement of the 
Gulf Stream is evident through comparison of the 22°C isotherm for each 
flight. Maximum temperatures recorded in the Gulf Stream and cold 
tongue by AXBT show no significant change within the period of obser- 
vation. BT's S, T, and U show thermal structure in the cold tongue, in 
the Gulf Stream, and in the warm area, respectively. 


DISCUSSION 
Warm-Water Areas 


Of the warm-water areas observed during the present survey, only 
two had characteristics similar to those reported previously by Ichiye 
(1966, 1967) and Fisher (1969). The first of these, a small intrusion 
of 17° water extending westward toward the shelf, was observed on 28 
and 29 January. The small size and weak gradient delineating the warm 
area suggest that the observed feature is near extinction. The second, 
a warm water intrusion observed on 30 April, is distinguished by shape 
(inverted "J'') and separation from the Gulf Stream to the south by a 
cold intrusion. Other warm areas observed during the flights appeared 
to be small waves of the northern edge rather than a closed eddy or 
tongue. Considerable short-term areal change occurred as shown by the 
twofold increase in size observed within a 4-day period in May. 
Thickness of the warm area, when observed by ship or aircraft, appeared 
to be on the order of 100 meters. 


The vertical extent of the warm water and its relationship to 
adjacent water masses are shown in a cross section along 37°20'N (line 
AA', figure 6) taken by the USNS GILLISS (T-AGOR-4) during a combined 
air-sea survey in May 1969 (figure 7). The cross section, taken by 
shipboard expendable bathythermograph (SXBT) probes, transects the 
northern edge of the warm water and enters Slope Water before termi- 


+ nating just beyond the northern edge. The slope gradient and under- 


lying temperature inversion are evident at the edge of the Continental 
Shelf. Surface temperatures on the shelf are comparable to those 
taken on other tracks during the same survey and are about 2°C greater 
than those in the cold intrusion. One explanation for the higher 
temperatures is inhibition of vertical mixing in shallow water by a 
strong thermocline, thus limiting heat gain from solar radiation to 
the surface layer. Depth of the warm water, as measured by the 20°C 
isotherm, is about 25 meters. Temperature of the inversion (7.5°C at 
50 meters) beneath the frontal zone separating the warm water from 
Slope Water to the east is similar to that in the inversion impinging 
upon the Continental Slope, thus suggesting a similar source. The 
northern edge is identified by (1) abrupt temperature change (14.9 to 


21.2°C at the surface), (2) high SST east of the front (23.2°C), and 
(3) temperature inversion (minimum temperature = 10.2°C at 85 meters). 
A poorly defined cold filament (SST = 12.6°C) is located inshore of the 
northern edge. Complexity of this particular cross section is due, in 
part, to recurving of the gradient between the warm water and adjacent 
cold water. 


A second warm area was observed in the northeastern quadrant of 
the survey area from January through completion of the study in May. 
Because this feature was of secondary importance to the study, detailed 
investigation was not possible. However, several differences are evi- 
dent from the limited data available; namely, (1) larger size, (2) life- 
time measured in months, (3) SST generally 5° or 6°C below Gulf Stream 
temperatures, and (4) separation from the northern edge by a cold fila- 
ment. The frontal zone enclosing the warm area appears to be well- 
developed with temperature change and gradient across the front of 2° 
to 5°C and about 1°C/km, respectively. Thickness (generally less than 
100 meters) gives the feature a lenticular appearance. Persistence of 
the system suggests that resupply occurs periodically, due perhaps to 
(1) downstream advection of smaller eddies or (2) convolutions in the 
northern edge as reported by Bratnick (1970). 


Cold-Water Intrusion 


A cold intrusion adjacent to the Gulf Stream was reported by Ford 
and Miller (1952), who tracked a narrow band of cold, low salinity 
water along the northern edge from Cape Hatteras approximately 150 
kilometers downstream. Thickness of the cold water was approximately 
40 meters. Observed T-S characteristics were such that the authors be- 
lieved that the cold water could have originated only on the shelf 
north of Cape Hatteras rather than from upwelling along the northern 
edge or advection from the shelf south of Hatteras. Ford, et al. (1952) 
noted that the cold water was within the Gulf Stream system. In dis- 
cussing the above papers, Stommel (1966) observed that: 


",..Were this filament of fresh water a permanent feature, 
the supply of fresh water required to maintain it would be 
of the order of magnitude 10"m3/sec., which could be sup- 
plied bv river discharge along the coast. The very fact 
that such a slender filament can preserve its integrity 
alone at least 1200 miles of the Gulf Stream is an indi- 
cation that small-scale turbulent processes tending to 
transfer properties across the Stream in the upper layer 
are inconsiderable." 


The cold intrusion observed during the flights suggests entrain- 
ment of Shelf Water bv the Gulf Stream northeast of Cape Hatteras. 
Additional details of the cold intrusion are provided by data collected 
aboard the GILLISS in conjunction with the flights of 12 and 16 May. 
Minimum SST (hull-mounted thermistor) and salinitv (bucket sample) ob- 


W 


served by the GILLISS in the intrusion were 11.2°C and 33.2°/oo, re- 
spectively. A plot of surface salinity (figure 8) shows excellent 
agreement with the temperature pattern derived from the ART flight of 
12 May in that the 33.5°/oo isohaline is nearly coincident with the 
13°C isotherm delineating the cold intrusion. An STD drop (point A 
on figure 8) near the cold filament shows a surface layer having a 
thickness of approximately 50 meters (figure 9). A second STD drop 
(point B on figure 8), taken in the Gulf Stream approximately 37 kilo- 
meters south of point A, is provided for comparative purposes. Note 
that below 250 meters the observed Slope Water is indistinguishable 
from Gulf Stream water below 440 meters on the T-S diagram. 


A cold intrusion (such as that observed on 12 May) with parabolic 
cross section, surface width of 4 kilometers, and depth of 50 meters 
would require a drift of approximately 10 cm/sec to be within the cri- 
teria set by Stommel for maintenance of the cold filament. Aithough 
no current measurements were made during the present survey, measure- 
ments by Howe (1962) show that drift of 10 cm/sec is well within 
reason. Failure to observe the intrusion on three of the twelve flights 
comprising the survey is in agreement with the discontinuous nature of 
the cold filament. Nonobservance of either the intrusion or the fila- 
ment by ART at the surface does not preclude Ene presence of either or 
both immediately below the surface. 


Northern Edge Displacement 


Considerable variation in the position and orientation of the Gulf 
Stream northern edge was observed throughout the survey. Variations 
appeared to be of two types: (1) relatively small, short-term dis- 
placement of the northern edge about the mean position and within the 
two-standard-deviation envelope of the northern edge computed by Pickett 
(1968) and (2) displacement of the northern edge outside Pickett's enve- 
lope. Maximum displacement of the observed features is unknown, since 
it is unlikely that the observations coincided with the time of maxi- 
mum displacement. 


Two relatively small-scale displacements are worth noting. The 
first of these occurred during the 3-day period between the flights of 
17 and 20 December, when a 180-kilometer section of the northern edge 
moved as much as 40 kilometers to the northwest (figure 10). It is 
also of interest to note that downstream the northern edge on 20 De- 
cember was east of its position on 17 December, thus suggesting 
clockwise rotation of this gradient. 


The second relatively small-scale displacement shows a change in 
angular orientation of the northern edge downstream of a warm eddy lo- 
cated at approximately 36°00'N,74°30'W (figure 11). On 12 Mav 1969, the 
orientation of the northern edge east of 74°00'W was 079°T. Four davs 
later, on 16 May, the orientation had changed to 048°T. The northern 
edge was displaced nearly 30 kilometers from its previous position at 


6 


73°00'W. Although the eddy expanded considerably in size during the 
observation period, little lateral displacement occurred. 


The northern edge was observed outside Pickett's envelope during 
the flights of 3 and 9 April 1969 (figure 12), when the gradient was 
tracked on an easterly heading for approximately 110 kilometers from 
35°05'N,74°04'W to 36°05'N,72°05'W. The northern edge on 24 March and 
12 April (not shown) was located within the envelope. Thus, it can be 
concluded that the observed displacement, while of longer duration than 
the displacements discussed previously, probably occurred within a 10- 
to 14-day period. 


Slope Gradient 


A well-formed thermal gradient was observed adjacent to the Con- 
tinental Slope during all flights between 15 November and 3 April. 
The gradient may be located farther offshore in the southern part of 
the study area because of entrainment of the Shelf Water by the Gulf 
Stream. Numerous BT sections (not shown) taken by the authors along 
37°N between 73°W and 75°W indicate that the slope gradient is not evi- 
dent at the surface between late June and early November, undoubtedly 
because of surface heating. The gradient remains in evidence below the 
surface layer until destroyed by autumnal overturning. The limited 
salinity data available show a salinity gradient coincident with the 
thermal gradient with salinity less than 33.5°/oo inshore and greater 
than 34.5°/oo offshore of the gradient. The resulting density gradient 
undoubtedly inhibits mass transport across the front. 


MODEL 


A simple model of oceanic circulation offshore of the Virginia 
Capes which integrates the oceanographic phenomena discussed above is 
shown as figure 13. While admittedly simplified, the model is designed 
to provide oceanographic forecasters with basic concepts of water mass 
circulation to supplement a limited supply of synoptic data. 


The most dynamic feature of the model, of course, is movement of 
the Gulf Stream through the eastern part of the study area. SST near 
the northern edge of the Gulf Stream can be expected to be greater than 
21°C throughout the year. Change in SST across the northern edge ranges 
from about 2°C in summer to more than 12°C in winter with gradients of 
about 2° and 5°C/km, respectively. Frontal gradients and SST can be 
affected greatly through the presence of cold filaments and warm areas. 
Currents are generally northeasterly, with speeds approaching 2 m/sec 
in the near-surface layer. Mass transport varies considerably and may, 
on occasion, exceed 100 x 10°m3/see (Warren and Volkman, 1968). A 
temperature inversion often occurs in a thin filament immediately to 
the south of the surface indication of the northern edge, forming rela- 
tively strong sound channels. 


Eddies and intrusion of Gulf Stream water are frequently observed 
offshore of Oregon Inlet, probably as a result of (1) lateral move- 
ment of the Gulf Stream or (2) propagation of Gulf Stream meanders 
downstream of Cape Hatteras. The warm water is limited to the surface 
layer (100 meters), unlike observed large-scale Gulf Stream eddies, 
which may extend considerably deeper. Sea surface temperature is 
comparable to or slightly less than Gulf Stream temperatures with 
temperature change and gradients across the front generally slightly 
less than those across the northern edge. A well-defined northern 
edge may not be apparent at the surface in the presence of a warm 
area or eddy. Temperature inversions appear to be common immediately 
below the warm surface water. No information is available as to 
currents in eddies, but anticyclonic circulation is inferred from 
thermohaline relationships. 


The larger, semipermanent warm area in the northeastern quadrant 
of the study area is characterized by maximum SST of 15° to 17°C in 
winter and near-Gulf Stream temperature in summer. Temperature change 
across the front varies from 2° to 5°C with a gradient of 1°C/km or 
less. Thermohaline relationships indicate a Gulf Stream origin. 


Shelf Water in the western part of the study area may be expected 
to have an SST ranging from a minimum of about 5°C in winter to a 
maximum of greater than 27°C in summer. A frontal zone may be expected 
to separate the Shelf Water from offshore Slope Water in winter with 
temperature change and gradient across the front on the order of 5°C 
and 1°C/km, respectively. A temperature inversion impinging upon the 
Continental Slope (Cresswell, 1967; Fisher, 1969) marks the boundary 
between Shelf Water and Slope Water during summer and autumn. Entrain- 
ment of Shelf Water by the Gulf Stream occurs intermittently at a rate 
of about 1 x 10%m /sec., forming a cold filament along the northern 
edge. Shelf currents are generally southwesterly at speeds less than 
20 cm/sec. Bumpus (1969) shows that current reversals may occur after 
periods of low rainfall. 


Slope Water seaward of the Continental Shelf and inshore of the 
Gulf Stream is modified considerably through introduction of Gulf Stream 
water (eddies) and Shelf Water (offshore movement of temperature in- 
versions). SST is comparable to Shelf Water during summer and is sever- 
al degrees warmer than Shelf Water during winter. Pools of water of 
Gulf Stream origin frequently appear both as transient (eddies) and 
semipermanent (warm areas) features with corresponding SST. Thermal 
structure of Shelf Water is greatly complicated by intrusion of water 
from other sources but generally may be characterized by neutral or 
positive temperature gradients to depths exceeding 200 meters in winter 
and by strong negative gradients underlain by well-defined temperature 
inversions during summer and autumn. 
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Figure 7. Temperature Section 15-16 May 
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Figure 10. Lateral Displacement of Northern Edge, 17—20 December 
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Figure 19. Surface Isotherms 3 April 


23 


*3paey3309 *y preaze9 


pues ‘*ir¢ ‘zausty 
uBATy :si0y3ne 


€27-aL 


“696T 

AeW - 8961 1290320 
‘eaay sedep epuzsita 
- BueloUsYyd weei3s 
JTND jo uozzeaiss 
-40 Tetley 2 eTIF3 


DFIUETIY YIION 
weai3s JIN) 


uo}tjoFpead 
out Teyowizsyy 


Sydeizoures9 


€¢7-aL 


*3prey3q05 “Vy ptese9 
pue ‘*ar ‘ia9yusty 
uBATY :S8aouqne 


*696T 

few - 8961 22°99320 
‘gaay sedeg efuts1taA 
= BuouoUeYyd weei3s 
JIND) jo voz IeAias 


-qO [eFzey :eT373 
DFIUETIV YIION 
weaias FIND 


uot 30}; pead 
ouFleyoursyL 


kydeigoues29 


[x 


“TTF 


“FF 


“TF 


oT 


*peAarssqo 
aiem adoTsg TRIUeUTAUOD ey2 03 AUsZelpe 
Juaetpeis [euzay e pue ‘aZpa uzsyjiou sayz 
JO JUausAOW TeXeZeT ‘wWsqsks weazas J{Ng 
ay} OJUE 299CM JTeYS Jo JuewuTerUa 
‘meaigs JIN) ayy Jo yjzou JeqeM sdezaAns 
WIBM °696T ABW 02 BO6T 12°qG0399 morz 
g1osues sULOgITe YI~M peAzasqo sea 
SasSseul Jaj3eM BUeoefpe pue se1za3zqeq aden 
jO YsveyjioU weaIas J[ND ayy jo aspoa 
uleyjziou ey Je aingjonijs [emiayu eyy 


(LT °ON 
qtodey SdamSv) (€ZZ-4L) “S3TZ 6T pue 
eTqea T Sufpnpouy “°d €Z °O/6T 2290390 
*3piey3205 °-y pjerzey pue ‘°ar ‘z9usTa 
ueaty 4q “6961 ABW - 8967 1040390 
‘VaaV SddVD VINISUIA - VNANONAHd 

WVaULS AIND JO NOLLVAYESAO TYIYaAV 
2dTIJO 2Fudvasouwes9 TEAEN °S °N 


*peazesqo 

aiem sdojs Te JueuTQueD eyz OF quooefpe 
queppeis Temiay3 e pue ‘espe urayjiou oy 
jo qUeweAow [eI97eT Smaqshs weexas JIND 
ay OUT 1909eM FTES JO JuoMUTerQUS 
Smeaaas JIN 242 jo YyAIOU 13}2eM soeJANS 
wzeM °696T SEW 92 896T 12990390 Wozz 
Slosues sutOgITe YIM peAresqo sen 
sesseuw i9}e&M jusoe [pe pue se190330H ade9 
jo yseeyZiou weezIS J[ND 242 JO aspe 
uzeyjziou sy2 jo GINIIWNAAS Teuzsy 94] 


(LT °ON 
qaodey SdamMSv) (€ZZ-YL) °SSFF 6T pue 
atqea [ Sugpntout ‘°d €Z “OL6T 4°90320 
‘3paey3305 °*y prejsep pue Sear Sz9usta 
ueaty 4q °6961T AWW - 896T 7999390 
SyaaV SAdVD VINISXIA ~- VNAWONAHd 

WVIULS AIND JO NOLIVAYASAO TV1YAV 
, BOFJIO WZFydezZouess9 TBAEN “S “N 


+ 


€27-aL. 


*apaeyy709 °y prTeze9 
pue ‘°ag S20usta 
uBATY :sa0yzne 


“696T 

Kew - 896T 4999330 
Seeay sedey eputs1ty 
- Buomousyg weeds 
JIND jo uozIeAres 
-40 TeFley 2297373 


oFIUeTIV 4II0N 
weei3s FIND 


uof30Fpead 
aut lLeyowssyL 


Aydeirgousss9 


€¢7-aL 


°3paey3205 °Vy prlezed 
pues ‘°ag Sz9ysta 
uBATY :sz0yQne 


*696T 

Kew - 9961 1240220 
‘eazy sedeg eyuTsaqtaA 
- BguamoUsYyg WeeI3S 
JINg JO uozIBaAies 
-4O Tefzley 2 eT3FI 


oFaueTIy 42I0N 
weetas 31n9 


uoft32Fpead 
aur TeyouzsyL 


kydeisouees9 


“FFF 


FF 


“FFE 


“FF 


a 


*peaizesqgo 
azem adots [ejUueuTjue) e432 03 ueoefpe 
quetpeir3 [eussey2 e pue ‘espe ursy iow 3y2 
jo juewercm TesazeT ‘weqshs meezIs FIND 
ay. ORUF 229eM JTEUS JO AUemUTeZIUe 
‘meei3s JIN) 2y2 JO Y3zIOU 4028s eoezins 
wieM °696T 48H 92 896T 12990390 Bors 
siosues auzoqite YT peAresqo sea 

sessem 193eh QUeoefpe pues seie33eH odep 
jo 3seeyjiou wesr3g JINN 242 JO espe 
uzeyziou ey Jo ainjon1zs [ewSYy2 FUL 


(LT “ON 

qaoday sdamS¥) (€ZZ-UL) “S3TF 61 PUB 
atTqea [ Buppntour ‘°d €Z “OL6T 4999390 
€3paey3309 ‘y plese) pue ‘*if “1eusTd 
ueaty 4q *6961T ABW - 896T 2999290 

‘yauV SddV) VINIDYIA - VNSNONAHd 


WVAULS AIND JO NOILVAMASHO TVIdaV 
@0EJJO DFUdeAZouBeDO TPAPN “S “Nl 


*peaizesqo 
aiem aedoTs [RRUeUTIUOD eY42 03 QusDefpE 
queTpeas [Temzey3 e pue SeZpea uzeyziou ey 
JO JUeweAOM TeteqeT ‘weyshs Weet3Is J{ND 
ay} O4UFE 103M JTSUS JO JUeMUTeIIUS 
‘meel3S JIND 9y2 JO YRIOU 193A SOBzINS 
wie4 “696T ABW 03 B96T 1990390 Worz 
S3o0SUas BUIOGITe YR~M peAtesqo SEA 
sasseu 193eM ueosefpe pue seieq3qeq edep 
Jo 3seey_iou weei3s J[ND 943 JO a3pe 
uleyziou syq Jo einjzonizs TeUIsYy? e4L 


(LT “ON 
gaodey Sdansvy) (€ZZ7-UL) “SSTF 61 PUe 
atqe3 { suppntour ‘°d €Z *0L6T 2999320 
*ypaey3309 *y prejep pue ‘*ar “1euSTA 
ueaty 4q ‘696T AEN - 896T 29993290 
‘yauV SadVO VINISYIA - VWNENONAHd 

WVAULS 41ND JO NOILVAWASAO TVINAV 


adTIJO DFydeaZouesd9 [PAREN *S “Nl =| 


‘\ 


ie 


Zz 
ie) 
ra 
4 
oC 
u 
a 
n 
< 

4 
(0) 
> 

b 

a 
2) 
0) 
W 
un 
= 
4 

{e) 
a 

or 
q 
nu 


ntered when the overall report is classified) 


2b. GROUP 
__N/A 


y 
x 


€72-UL 


*3piey3305 “Vy prese9 
pus ‘*ig¢ ‘Si09usta 
uBATY :82043Ne 


“696T 

AeW - 8961 1990320 
‘goiy sedey efyuTsity 
= Busuousyg weei3s 
JINN) jo uoyzzeaies 


-4O Tefzey 227373 
D}IUeTIV YIION 
weeiys 51nd 


uoy oF pead 
ouFTeyowrsyL 


kydeiszouse 29 


7b. NO. OF REFS 
17 


Report No. 17 


T NO(S) (Any other numbers that may be assigned 


REPORT NUMBER(S} 


PAGES 
ffice at the address noted below. Order 


| Capes Area, 


“FFF 
*peAaresqgo 


eiem adojs [eJUeUTQUOD ay 02 Jueoefpe 
juotpei3s ~Tewz2y} e pue Sadpa ursyjiou ay3 
jo jUuoWwsAoUW TersjeT ‘weqsks weeiysg JNO 
ay OUT 199eM JTeNuS Jo JuewUTerQUe 
‘ueei3g J[n9 ay Jo YAIOU J3a2eBM aoezANEB 
w2eM °696T ABW 92 B96T 1040390 worz 
Slosues suIOqIfFe YITM peAresqgo sen 

Sesseul 193eM JUsoefpe pue ser9q3ey adep 
jo 3seveyjzIoU wea1zS FIND eyI Jo adpe 
uzeayziou vy JO 2AnjonajsS TeWIGYI su 


“FF 


(LT *ON 
aaodey sdamsv) (€7Z-UL) °S3TF 6T pue 
27983 T Bugpntouz ‘°d €Z °O46T 1040390 
“Jpaey33209 *y prezep pue ‘*ap “10st 
ueaty 4q ‘6961 ABW - 896T 1090390 
‘yAUV SUdVD WINIOYIA - VNAWONAHd 

WVAULS AIND AO NOLLVAYASAO TVIYAV 
BdFJJO WZFydeasourss9 TeARN °S “NA 


€7¢-aL 


°3paey4309 °y PLe49a9 
pue ‘°ag¢ ‘z9y4stya 
uBATY ?8i0u3ne 


*696T 

ABW - 8961 1990390 
‘eoay sedey efuTsata 
- Buowoueyg weei3s 
JINN JO uoy{waies 


-90 TeFley 3eT3F3 


nag 


azIueTIZy YyIION 


INS 


weei3s FIND 


uot zo9Fpead 
auFTeyoureyy, 


_Commande 


payable to the Naval Gceanographic 


Re 


fyderzouss sg 


€c¢c-ab 


“4apreyy305 *y PLTe490 
pue ‘°ap ‘29ysta 
UBATY :3S8iouzne 


“6961 

Aen - 8961 2°90290 
‘gary sedeg eyutsaty 
- BugmoUusyg weei3s 
JIN) Jo vot zeAies 


-40 Te}1ey :°T373 
DFIUeTIVY YIION 
weeias Jina 


uo}t3oFpeid 
aut TeyowrsyL 


Sydeazourss9 


“FFF 


“FF 


“FTF 


“FT 


aL 


*peaaiesgo 
azem ado[s [RJUeUTIUCD aYy2 02 3uUsDe[pe 


juetpeis [Teuzsey3 e pue ‘espe ursyziou 3y2 


jo JUaWeACH TeaeqeT ‘weqyshs meezaS FIND 
ay2 OFUF 109emM JTeUS JO JweuITeIQUe 
Smeai3s JINN e423 JO yZIOU 19384 soRzINS 
wieM "6961 SBeW 92 996T 2990390 Worz 
Slosues aulOqiyte uy} peAtesqo sea 
Sasseu JajeM Jueoefpe pue sei233eqH edeD 
JO JseoyzZOU wWReI3S FIND 342 JO e3pe 
uleyziou oy JO einjonajs Tewiey2 s4uL 


(LT *ON 
qaodey sdamsv) (€Z7Z-AL) *S3TI 6T pue 
eTqe2 T Zugpntouy ‘°d €Z “*O/6T 2299390 
‘ypaeyaz09 *y pTeae9 pue “*1p “ieysTa 
ueaty 4q ‘6961 ABH - 896T 2999390 
‘yaa SddvVO VINIOYIA — VNSNONAHd 

WVAULS J1ND JO NOILVAUASAO TVIYAV 
39FFIO oTydeagouesl9 TeAen SSieoih 


*paaresqgo 

alien edoTsS TeqUueUuTJUOD ey} 02 Jueoefpe 
juetTpei3 [emzey3 e pue faZpea ureyjiou 2syz 
JO Juemenow TerejeT ‘waqsAs wears JNO 
Qu OUT AoIeM JTeus jo Juowuperjque 
Sue@e13sg JIND 942 JO YyRioU ieee sdezAINsS 
wiBM °696T ABW 02 B96T 1940390 Worz 
Si0SU2S BUIOGITe YIFM peAresqo sea 
Sesseu 1ajeM JuooBefpe pue seisejjey edep 
JO JSeay_ioU wWee13S JIN) ey3 Jo a3pea 
uleyziou ey} JO 9injqoNAAsS TeBUIeYyI 24 


(LT *ON 

qaodey sdansv) (€ZZ-aL) °S8TI 6T pue 

eTqe3 [ 3uppntour ‘°d €Z “OL6T 2°90390 

‘4ypaey3q0y “y prTetzey pue ‘*ap ‘zaysTy 

ueaTy 4q *696T ABW - 8961 1°99390 

‘VaUV SddVD VINISYIA — VNENONAHd 

WVaULS AIND JO NOLLVAUSAO TVIYAV 

a0FIFO oFydeasours00 TeAen ‘Ss “n al 


UNCLASSIFIED 


Security Classification 


DOCUMENT CONTROL DATA -R& D 


" > (Security classification of title, body of abstract and indexing annotation must be enfered when the overall report is classified) 
ORIGINATING ACTIVITY (Corporate author) 2a. REPORT SECURITY CLASSIFICATION 
Oceanographic Prediction Division None 
Marine Sciences Department i, ShoUe 
N/A 


| REPORT TITLE 


Aerial Observation of Gulf Stream Phenomena, Virginia Capes Area, 
October 1968 - May 1969 


& DESCRIPTIVE NOTES (Type of report and inclusive dates) 


Technical Report (October 1968 - May 1969) 
5) AUTHOR(S) (First name, middle initial, last name) 

Alvan Fisher, Jr. 

Gerald A. Gotthardt 


REPORT DATE 7a. TOTAL NO. OF PAGES 7b. NO. OF REFS 
October 1970 23 7, 
Ba. CONTRACT OR GRANT NO 9a. ORIGINATOR’S REPORT NUMBER(S! 
None TR-223 
Bb. PROJECT NO * 
j 
iG. 9b. OTHER REPORT NO(S) (Any other numbers that may be assigned 
this report) 


ASWEPS Report No. 17 


d. | 
10° DISTRIBUTION STATEMENT 
This publication is available at 60 doer copy from the Naval Oceanographic Office at the address noted below. Order 
| by publication title. Advance payment is required by check or money order payable to the Naval Oceanegraphic 
Office. Contractors shall forward requests through contract representatives. Commander, Naval Oceanographic 
Office, Attn: Code 40, Washington, D.C. 20390. 


MS SUPPLEMENTARY NOTES 


12. SPONSORING MILITARY ACTIVITY 


U.S. Naval Oceanographic Office 
Washington, D. C. 20390 


None 


ASSTRACT 
Thermal structure of a rectangular area, approximateiy 220 kilo- 

meters on a side and contiguous to the Continental Shelf northeast of 
Cape Hatteras was investigated by aircraft between 9 October 1968 and 
16 May 1969 with the object of formulating an analysis and prediction 
model. Majer features in the area included warm water northwest of 
the Guif Stream, entrainment of Shelf Water into the Guif Stream cvstem, 
lateral displacement of the northern edge of the Gulf Stream, and a 
thermal gradient adjacent to the Continental Slope during winter. A 
simplified model of thermal structure describes interaction of observed 
water masses. 


j scxsteil 
DD ama. PAGE’ |) UNCLASSIFIED 


Security Classification 


14 LINK A LINK B 
HE WoReE oe et LINK ¢ 


CAPE HATTERAS 
CHESAPEAKE BAY 
EXPERIMENTAL DATA 
FORECASTING 

GULF STREAM 
INFRARED SENSING 
OCEANOGRAPHIC DATA 
OCEANOGRAPHIC PREDICTION 
OCEANOGRAPHY 
PHYSICAL PROPERTIES 
SALINITY 

SEA WATER 

SHALLOW WATER 

SOUND VELOCITY 


TEMPERATURE 


DD 2%"..1473 (sack) UNCLASSIFIED 
(PAGE: 2) Security Classification 


